Density-functional calculations predict half-metallicity in zigzag single-walled carbon nanotubes of finite length with the two ends saturated with hydrogen. We have analyzed the change of the ␣-and ␤-spin electronic gaps under the influence of an electric field applied along the nanotube axis. The half-metallic behavior, in which the electronic gap is zero for one spin flavor and nonzero for the other, is obtained for a critical electric field of 3.0/ w V / Å, where w is the length of the nanotube. This critical field is the same as that predicted for graphene nanoribbons. By a detailed analysis of the spin structure of the ground state, we show the relevance of the edge states, electronic states spatially localized at the carbon atoms of the nanotube boundaries, on the on-set of half-metallicity, and on the magnetic properties of the finite semiconducting zigzag nanotubes.
I. INTRODUCTION
Recent calculations based on density-functional theory ͑DFT͒ indicate that zigzag graphene nanoribbons, a single graphite layer of finite width and infinite length terminated by hydrogen-passivated zigzag edges on both lateral sides ͑ZGNR͒, present half-metallicity in the presence of a coplanar electric field perpendicular to the zigzag boundaries.
1,2
The effect is also present considering different oxidation schemes at the edges of the zigzag nanoribbon, for example, full hydroxylation ͑OH groups͒, 2 and also in finite rectangular graphene nanoribbons. 3 In spite of some controversy, 4 the study of finite graphene structures by Hod et al. 3 has established that the half-metallic nature of the zigzag ribbons ͑whether periodic or finite͒ is robust and insensitive to the level of theory used. Idealized half-metals have only one spin channel for conduction: the spin-polarized density of states exhibits metallic behavior for one spin direction, while for the other spin channel there is a gap at the Fermi level. 5, 6 It has been stressed 1 that the interplay found between electric fields and the electronic spin degree of freedom opens a new path to develop spintronics at the nanometer scale using carbon-based devices. 7 Half-metallicity induced in the ZGNRs by the electric field is related to the existence of electronic states at the Fermi energy spatially localized at the zigzag edges.
1 The ground-state spin configuration at zero electric field corresponds to an opposite spin orientation across the ribbon ͓an-tiferromagnetic ͑AFM͔͒ between the spin-polarized edge states. That is, the spins on the outermost sites of each zigzag edge are parallel, resulting in one edge polarized with spin up and the other polarized with spin down, and the total ZGNR spin is equal to zero. The ferromagnetic ͑FM͒ state, with the spins at the two zigzag edges aligned in the same direction, results in a metastable phase, and following this one there is a nonmagnetic phase ͑NM͒, as have been found in ab initio calculations. 8 Calculations for zigzag-edged carbon strips without hydrogen termination indicate that the AFM state is also the lowest-energy state. 9 In contrast, the armchair-edged nanoribbons do not show such magnetic phases due to the delocalized nature of the frontier orbitals. 10 Similar magnetic effects related to the electronic states spatially localized at the zigzag edges have been also predicted for finite graphene nanoislands.
3,4, [11] [12] [13] [14] The presence of edge states in graphitic systems has been confirmed by scanning tunneling microscopy and spectroscopy, which show a clear peak in the local density of states near the zigzag edges, while such a peak was not observed near the armchair edges. 15, 16 The interest of carbon nanotubes in nanotechnology has motivated a large number of studies. 17, 18 Realistic electronic devices can be produced only using finite-size single-wall nanotubes ͑SWNTs͒, which are either connected to metal leads or lie on a substrate, and this has motivated the study of the electronic properties of nanotubes of finite length. A relevant result is that finite zigzag nanotubes also have localized states at the tube edges but not the armchair tubes. 10 First-principles calculations of the magnetic properties of finite zigzag SWNTs have been performed as a function of their radius and length, 19, 20 and those calculations have shown the importance of the localized edge states on the magnetism of the finite nanotubes. Further spin-polarized DFT calculations of the magnetic properties of carbon nanostructures have shown not only the relevance of the edge states located at the undercoordinated carbon atoms of the zigzag boundaries 21, 22 but also the influence of stabilized radicals formed by trivalent carbons, introduced within the aromatic system of the otherwise sp 2 -bonded tetravalent carbon atoms in producing unpaired spins in the electronic ground state. 22 The results of the present work indicate that finite pieces of zigzag single-walled carbon nanotubes behave as half-metallic systems under the influence of an electric field. Using DFT we have studied finite pieces of a zigzag ͑14,0͒ SWNT, focusing attention on the evolution of the electronic gap of the two spin flavors as a function of the intensity of an external electric field applied along the axis of the nanotube. As in the case of ZGNRs, the onset of half-metallicity is related to the existence of electronic states at the Fermi energy localized at each edge of the nanotube, which in the absence of the applied field are degenerate. Due to the spatial localization of these states with energies around the Fermi level, the effects of the external axial fields on them are significant, in contrast with the extended states. We have not found the effect of half-metallicity in the case of finite nanotubes derived from the ͑8,8͒ armchair SWNT because in this case the frontier orbitals are spatially delocalized over the finite nanotube and have small amplitudes at the edges.
In Sec. II we briefly explain the method used to solve the Kohn-Sham equations of DFT and we describe the two finite pieces of the ͑14,0͒ nanotube that we have analyzed, C 168 H 28 and C 112 H 28 . In Sec. III A we first calculate the binding energies obtained for different magnetic configurations of the free nanotube and of the nanotube under an electric field E applied along the nanotube axis. In all cases the ground state is the singlet S = 0 AFM state. The values of the parallel static dipole polarizability are calculated from the linear dependence of the binding energy on the square of the electric field E 2 . In Sec. III B we study the properties of the electronic density of states both for the AFM ground state and for the NM state. For the AFM state, one side of the nanotube is dominated by ␣-spin states and the other by ␤-spin states coupled to a total spin of zero. In Sec. III C we present the variation of the electronic spin gaps when an electric field is applied along the axis of the nanotube. The behavior of the gaps is similar for the two finite nanotubes considered. The main result is that the critical field required to establish halfmetallicity is the same for both tubes, 3.0/ w ͑V / Å͒, where w is the length of the nanotube. This critical field is equal to the one obtained for ZGNRs. At this critical field the gap for one of the spin channels is zero and that for the other is a maximum. We also analyze the behavior, under the influence of the electric field, of the electronic states near the Fermi level. For large values of the electric field we reach the threshold for field emission. In Sec. IV we present the conclusions of this work.
II. METHOD
Our DFT calculations use the ADF 2006.01 code 23, 24 with the local-spin-density approximation ͑LSDA͒ of Vosko et al. 25 for the exchange-correlation energy. The frozen-core approximation is used for the helium core of the carbon atoms and four valence electrons are considered for each carbon. The basis set is formed by localized atomic orbitals: a triple-basis with one polarization function, formed by four s, three p, and one d Slater-type atomic orbitals for each carbon atom, and three s and one p orbitals for each hydrogen atom. The code makes full use of any molecular symmetry present in the system using orthogonalized symmetryadapted molecular orbitals to solve the Kohn-Sham equations, and the binding energy is calculated with respect to atomic fragments. The atomic positions are optimized using a conjugate gradient method where the binding energy and the atomic forces are minimized. For spin-unrestricted calculations, like in the present case, it is possible to tune the initial potential by allowing different spin configurations even for equivalent atoms, thus allowing for spin brokensymmetry calculations. Furthermore, the code allows for the application of a constant electric field along a specific direction.
We have considered two finite pieces of the zigzag ͑14,0͒ SWNT using hydrogen atoms to saturate the dangling bonds of the carbon atoms at the edges. In the first case, we consider the aromatic molecule C 168 H 28 for which a complete relaxation of the carbon-carbon and carbon-hydrogen distances has been performed within D 7 symmetry for the structure. This finite nanotube has six zigzag rings, each one with 28 carbon atoms, the minimum carbon-carbon distance is d CC = 1.41 Å, the nanotube radius is R = 5.45 Å, and the length along the axis of the tube is w 1 =8d CC = 11.28 Å. There are also two external rings, of 14 hydrogen atoms each, located at distance d CH = 1.105 Å from the most external carbon atoms, to saturate the bonds. In the second case, we consider a shorter piece of the zigzag ͑14,0͒ SWNT, C 112 H 28 with only four zigzag rings but with the same number of hydrogen atoms at the boundaries. After a new relaxation of the geometry, again within the D 7 symmetry, the length results w 2 =5d CC = 7.05 Å but with the same radius as the previous fragment. In this shorter nanotube, the relaxation of the geometry induces only small distortions of the d CC distances with respect to those of the longer tube, only for those carbon atoms at the boundaries of the finite nanotube.
III. RESULTS

A. Binding energy and interaction energy with the external electric field
In this section we focus mainly on the finite C 168 H 28 nanotube because analogous results have been obtained for the shorter nanotube. First, the initial D 7 symmetry of the structure is reduced to C 7V to allow for different spin orientations at the two ends of the SWNT. When the electric field is zero, we found that the configuration with opposite spin orientations at the two edges of the nanotube, that is, the AFM state in which the highest occupied molecular orbital ͑HOMO͒ of one spin orientation HOMO-␣ is an edge state localized on one end of the tube and the HOMO-␤ is localized on the opposite side, is favored over a configuration in which both HOMO-␣ and HOMO-␤ have equal probabilities on both sides of the nanotube ͑the NM sate͒. In Fig. 1 For each value of the electric field E and of the spin S = ͑n ␣ − n ␤ ͒ / 2, where n ␣ and n ␤ are the number of electrons with up and down spins, respectively, the binding energies E b are the atomization energies calculated from the total energies E T . The binding energies at E = 0 of these two states, AFM and NM, with zero total spin ͑S =0͒, are indicated in Fig. 1 by a black filled vertical triangle and by a circle, respectively, at the left, which is for n ␣ − n ␤ = 0. Moreover, the S = 0 AFM state results the true ground state even when the spontaneous magnetization of the finite nanotube is allowed, as is indicated by the set of empty black vertical triangles in Fig. 1 . A local minimum is found for n ␣ − n ␤ =6, so S = 3. This local minimum, less stable than the ground state by 45 meV, corresponds to a FM state. The calculated magnetic interaction energies are large, as in the case of ZGNRs.
1 For example, the difference in binding energies between the FM state with spin-polarized edges ͑the local minimum with S =3͒ and the unpolarized NM state ͑the empty circle at S = 0 in Fig. 1͒ is 577 meV, which gives 20.6 meV per carbon atom at the edge ͑there are 28 edge atoms͒, in complete agreement with the 20 meV per edge atom calculated for ZGNRs.
1 Furthermore, when the antiferromagnetic coupling between the spin-polarized edges is allowed, then the ground state represented by the filled black triangle in Fig. 1 is obtained, and the stability is further increased by 45 meV, that is, 1.6 meV per edge atom, again in agreement with the increase of 2 meV per edge atom found for a ZGNR formed by eight zigzag chains.
1 In our case the number of zigzag carbon chains in the system is 6. This FM-AFM exchange coupling energy per border C atom of 1.6 meV can be compared with typical values calculated for multilayers of magnetic elements. For example, the exchange coupling energy of Co or Fe layers sandwiched between metallic Cu spacer layers is 2 meV per atom, although it becomes 1 order of magnitude smaller for increasing spacer distances. 26 In Co/Si multilayers, where the spacer is a semiconductor, the exchange energy is 4 meV per atom for 4-6 Si monolayers. 27 For the two nanotubes considered, with 168 and 112 carbon atoms, respectively, the calculated energy differences between the NM state and the FM state ͑in both cases the FM state is a local minimum with S =3͒ are, respectively, 3.43 and 4.3 meV per carbon atom. These values are of the same order of magnitude as the corresponding ones for nanostructures of typical magnetic transition metals. For instance, they are comparable with the calculated value of 7.7 meV per atom obtained for fcc magnetic iron clusters Fe n with n = 13-19. 28 In spite of the fact that the actual ground states of the considered nanotubes are the AFM states with S =0 ͑which are only 45 and 50 meV below the FM state͒, our results support the possibility of implementing stable nanomagnets using finite pieces of zigzag carbon nanotubes. 19, 20 When an axially directed electric field of intensity E is applied, the binding energies behave in a similar way as for zero electric field. The results are displayed also in Fig. 1 . For all values of the electric field considered, the absolute energy minimum corresponds to the AFM state with S =0, and a second minimum, less than 45 meV above the main one, is found for a value of the spin polarization that decreases as the electric field is increased: from S = 3 for E =0 to S =3/ 2 for E = 0.51 V / Å. The energy difference, per boundary carbon atom, between the FM states and the ground state ͑AFM͒ calculated as
is shown in Fig. 2 as a function of the spin polarization ͑n ␣ − n ␤ ͒ for different values of the intensity of the electric field. The upper panel corresponds to the long nanotube and the lower panel to the short nanotube.
To clarify the figure, the energy zero has been shifted by a different amount for each electric field, as explained in Fig.  2 . For both nanotubes and for E smaller than 0.30 V / Å, there is a metastable FM state at S = 3. The maximum energy difference between this FM state and the ground state is 45 meV ͑50 meV͒, where the value for the short nanotube is given in parentheses. This amounts to an energy difference of 1.6 meV ͑1.8 meV͒ per edge carbon atom. These values are in full agreement with recent results by Hod et al. 3 for finite nanoribbons with 2 ϫ 14 zigzag edge carbon atoms: using LSDA they obtain values between 60 and 70 meV for the difference between the FM and the AFM states at zero electric field. Hod et al. 3 showed also that the calculated energy differences increase when nonlocal or hybrid functionals are used for the exchange-correlation energy.
The results in Fig. 2 for higher values of the electric field indicate that the FM minimum is found in the region between S =5/ 2 and S =3/ 2, and that the energy difference is smaller for both tubes than in the case of E = 0. We stress that for n ␣ − n ␤ = 0 and E 0, the electronic structure relaxes to the AFM state in the cases analyzed even if the calculation starts from the NM spin structure. From the small differences between the AFM and FM energies shown in Fig. 2 one could think that changes from AFM to FM states could occur easily by thermal fluctuations. However, a closer analysis of Fig. 2 shows that the total-energy barriers between these two states, obtained from Eq. ͑2͒ as 28ϫ⌬E m , where ⌬E m is now the difference in binding energy between the AFM minimum on the left of each curve and the maximum in the middle of the same curve, are quite large for low electric fields, 330 meV ͑275 meV͒ for E = 0, thus preventing the thermal gradual switching between AFM and FM states. When the electric field is increased the energy barrier decreases, but even for the more intense field in Fig. 2 , E = 0.51 V / Å, the barriers are still substantial: 100 meV ͑120 meV͒. These values of the barrier heights can be considered as upper bounds of the true barriers, as far as we have only considered collinear spin configurations, and there may be noncollinear spin arrangements that can serve as transition states between the AFM ground state and the FM spin state. The trend observed in Fig. 2 indicates that only the AFM minimum with S = 0 will survive at higher values of the electric field. However, for strong electric fields, electrostrictive effects should be taken into account, as will be discussed in Sec. III. In any case, the magnetic effects discussed here are associated to localized edge states that we study in Sec. III B. These effects show up due to the substantial proportion of atoms at the zigzag edges.
The variation of the binding energy of the AFM ground state, E b ͑E͒ of Eq. ͑1͒, with the applied electric field, is given in Fig. 3 . According to perturbation theory, 29 the binding energy should present a quadratic dependence on an electric field applied along the axis of the tube because of the Ϯz symmetry of the unperturbed electronic charge, so
The predicted quadratic behavior is obtained in our calculations, as can be seen in Fig. 3 . The value obtained for the longitudinal static screened dipole polarizability ͑which is the experimentally accessible quantity͒ of the longer nanotube is ␣ ʈ ͑w 1 ͒ = 563.3 Å 3 . The polarizability per unit length is ͑1 / w 1 ͒␣ ʈ ͑w 1 ͒ = 47.5 Å 2 . For the shorter tube, the behavior of E b ͑E͒ is similar to that shown in Fig. 3 but with a lower value of the longitudinal polarizability, ␣ ʈ ͑w 2 ͒ = 274.6 Å 3 , which gives ͑1 / w 2 ͒␣ ʈ ͑w 2 ͒ = 38.95 Å 2 . These values for the polarizability per unit length are smaller than the calculated value 30 for an infinite ͑14,0͒ nanotube: ␣ zz = 268.3 Å 2 . In a nanotube of infinite length the longitudinal screened and unscreened polarizabilities are identical because polarization charges are not induced for a field along the tube axis. The lower values obtained for finite nanotubes are associated to a finite-size effect because in this case polarization charges are induced on the extremes of the nanotube, thus producing a reduction in the total electric field felt by the electrons, and consequently a reduction in the screened ͑experimental͒ polarizability with respect to the unscreened value. Furthermore, we have obtained ␣ ʈ ͑w 2 ͒ / w 2 Ͻ ␣ ʈ ͑w 1 ͒ / w 1 for w 2 Ͻ w 1 , in agreement with the trends of the finite-size corrections proposed in Ref. 30 . For the two finite nanotubes considered, the polarizabilities per carbon atom, ␣ 0 ͑w 1 ͒ = 3.2 and ␣ 0 ͑w 2 ͒ = 2.45 Å 3 , are of the same order as for the C 60 fullerene, 1.38-1.42 Å 3 per atom. edge states shown in the enlarged view given in Fig. 5 , where we present also the spatial distributions of the wave functions of these states. These edge states are nearly degenerate in energy and they are localized on the most external carbon rings of the finite nanotube. When the contributions to the DOS coming from the carbon atoms at the two more external rings ͑14 carbon atoms on each ring͒ are excluded, we obtain the DOS of Fig. 4͑b͒ , where we notice that not only the HOMO and LUMO but also the whole group of states very close to the Fermi level have disappeared. The DOS in Fig. 4͑b͒ can be considered as the DOS of the central region of the nanotube, where border effects have been excluded. The two insets in Fig. 4͑b͒ show the wave functions for the two E 2 states closer to the Fermi level, and they indicate that these states have their densities distributed along the whole finite nanotube. The DOS of an infinite ͑14,0͒ tube calculated from a tight-binding ͑TB͒ model for the electrons which includes curvature effects 32 is also given as a dashed curve in Fig. 4͑b͒ . From the comparison of FIG. 4 . ͑Color online͒ Calculated electronic DOS ͑arbitrary units͒ for a finite zigzag ͑14,0͒ SWNT C 168 H 28 in the absence of electric field. The DOS corresponds to a constrained calculation for a NM state with D 7 symmetry ͑the circle in Fig. 1͒ . The total DOS is given in panel ͑a͒, and the position of the near degenerated HOMO and LUMO is indicated by a vertical line. The DOS obtained by excluding the edge states, those located over the two more external carbon rings, is given in panel ͑b͒. The insets give the wave functions of the E 2 states below the HOMO ͑left͒ and above the LUMO ͑right͒. The dashed curve gives the DOS calculated in a -tight-binding model for an infinite nanotube ͑Ref. 32͒. The labels in ͑b͒ correspond to the D 7 symmetry of the system. A Lorentzian of width 0.05 eV has been used to broaden each eigenvalue. the TB results and the DFT results for the finite nanotube, we conclude that the DOS of the finite tube with border effects excluded reproduces the main characteristics of the DOS of the semiconducting infinite nanotube, including the gap, as is also the case for finite elongated graphene nanoribbons.
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Magnetic effects are expected in the system due to the large state degeneracy at the Fermi level. 9, 33, 34 The DOS obtained when the electronic spin degree of freedom is included in the calculation is given in Fig. 6 . This corresponds to the actual ground state of the system, a state with S = 0 and antiferromagnetic order between the spins of the electrons in the states localized at the opposite edges of the nanotube. A similar result was found for ZGNRs both infinite 1,2 and finite. 3 Figure 6͑a͒ shows that the degeneracy at the Fermi level observed in the NM state of Fig. 4͑a͒ ͑obtained in the locally saturated spin calculation͒ has been partially removed and, furthermore, an electronic gap shows up both for ␣-and ␤-spin flavors. Again, a comparison of panels a and b of Fig.  6 shows that the HOMO and lowest unoccupied molecular orbital ͑LUMO͒ and the states near them are fully localized on the external carbon rings ͓those edge states have been excluded to plot Fig. 6͑b͔͒ . The spin-polarized density of states in the energy region near the HOMO and LUMO states is shown in Fig. 7 , where we also present as insets the wave functions for the A 1 states below the HOMO and above the LUMO.
The spatial distribution of the E 1 frontier spin orbitals of the S = 0 AFM ground state indicated in the DOS of Fig. 7 are given in Figs. 8 and 9 . Figure 8 shows the HOMO-␣ and the LUMO-␣. The HOMO-␣ ͑a doubly degenerate E 1 state͒ is localized on the left side of the tube, and the LUMO-␣ ͑also a doubly degenerate E 1 state͒ is localized on the right side. Figure 9 then shows that the HOMO-␤ is localized on the right side, and the LUMO-␤ on the left side of the nanotube. The HOMO-␣ and HOMO-␤ states are degenerate in energy, as well as the LUMO-␣ and LUMO-␤ states. The energy gap, calculated as the difference between the energy eigenvalues of the LUMO and HOMO states, is 0.4 eV for both spin channels. Just below the HOMO-␣ and HOMO-␤, 60 meV more bound, there are two other states, one ␣ and another ␤ both with A 1 symmetry, also well localized at the corresponding edges of the nanotube: A 1 ␣ on the left side and A 1 ␤ on the right side. There are also two degenerate unoccupied states, again one ␣ and another ␤, both of A 1 symmetry, nearly degenerate in energy with the LUMO-␣ and LUMO-␤ ͑only 20 meV less bound͒ which are also well localized at the edges: A 1 ␣ on the right side and A 1 ␤ on the left side. So, the collection of edge states for these finite nanotubes includes one A 1 and two E 1 occupied states and again two E 1 and one A 1 unoccupied states for the two spin flavors ␣ and ␤; the evolution of these edge states due to the presence of an external electric field is discussed in Sec. III C. All the other molecular orbitals, those in Fig. 6͑b͒ , are delocalized over the whole nanotube with wave functions analogous to those included in the insets of Fig. 4͑b͒ . The net spin density ␣ ͑r ជ͒ − ␤ ͑r ជ͒ is shown in Fig. 10 to remark the spin imbalance at the nanotube edges due to the localized edge states. A further analysis of the spin properties of the S = 0 AFM ground state in the absence of electric field is displayed in Fig. 11 where we present the spin ␣ and ␤ 28 . The net spin density ͑in a.u.͒ is indicated by the different colors: 0.0003, red; 0.00015, yellow; 0.00, green; −0.000 15, light blue; and −0.000 30, dark blue. The left side of the tube is dominated by ␣-spin density ͑the red color indicates that ␣-spin density is greater than ␤-spin density on the left͒, and the right side is dominated by ␤-spin density ͑the blue color shows that ␤-spin density is greater than ␣-spin density͒. The largest differences between ␣-and ␤-spin densities occur over the carbon atoms at the edges of the nanotube. ͑The surface used to project the colored net spin values corresponds to ␣-spin density of 0.0010 a.u.͒ Mulliken atomic populations and their difference for the different locations of the carbon atoms along the finite nanotube. The sum of ␣ and ␤ charges gives 4, the number of valence electrons of each carbon atom. From the lower part of Fig. 11 , we obtain that the maximum value of the Mulliken spin polarization of the zigzag edge carbon atoms is 0.26, in agreement with the typical LSDA results quoted in Ref. 3 for finite nanoribbons. The antiferromagnetic structure of the state is clearly displayed in Figs. 10 and 11 . Furthermore, the data indicate a spin charge oscillation which is damped as it progresses inside the nanotube.
C. Half-metallicity induced by the electric field
In order to study the onset of half-metallicity in the finite nanotube under the influence of an external axial electric field, we have analyzed the behavior of the ␣ and ␤ band gaps for the collection of S = 0 AFM ground states corresponding to different values of the electric field. The binding energies of these states are those at ͑n ␣ − n ␤ ͒ = 0 in Figs. 1 and  2 . The electrostrictive response of carbon nanotubes to an external electric field modifies their length. 35 According to DFT calculations, 36 an electric field of 0.1 V / Å induces elongations of 2.9% on clean finite nanotubes. However, the effect is much reduced on hydrogen terminated nanotubes. 36 Based on the last result, in the present calculations the atomic structure of the hydrogenated finite nanotube has been fixed to the minimum-energy geometry obtained at zero electric field. So we describe in the following the electronic relaxation with a fixed geometrical structure. For a finite system, the band gaps correspond to the LUMO-HOMO energy difference. The band gaps as a function of the intensity of the electric field are given in Fig. 12 . The evolution is analogous to that described for nanoribbons 1,2 and for nanoislands. 3 We have included in Fig. 12 the results for the short and the long nanotubes, but in the following we discuss mainly the results for the long nanotube, C 168 H 28 . One can observe in Fig. 12 that in the absence of an electric field, the ␣ and ␤ gaps are equal. Then, as the field increases, the ␣ gap increases and the ␤ gap decreases. The system becomes half-metallic around E = 0.20 V / Å when the ␤ gap is actually zero, and the ␣ gap reaches its maximum value. This value of the critical field is nearly identical to that obtained in Ref. 2 for nanoribbons. In Fig. 13 we present the relative variation of the ␣ and ␤ gaps for both finite nanotubes in terms of the potential difference between the two extremes of the nanotube. As in the case of ZGNRs, 1 the critical field to establish half-metallicity in finite zigzag SWNTs is estimated to be 3.0/ w ͑V / Å͒, where w is the length of the nanotube. Continuing with the description of the results for the long tube, Fig. 12 indicates that in the region of 0.2-0.9 V / Å, the system maintains the half-metallic behavior with a decreasing value of the ␣ gap. This region of half-metallicity, about 0.7 V / Å wide, is slightly wider than the maximum one found in Ref. 2 for fully hydroxylated ZGNRs. Finally, for E = 0.9 V / Å the nanotube reaches the region in which the ␣ and ␤ gaps are again identical, a result also obtained for oxidized ZGNRs.
2 For stronger electric fields, the two gaps increase and a new maximum is found at E = 1.29 V / Å for the, now equal, ␣ and ␤ gaps. Finally, full metallic behavior for both spins is predicted for more intense electric fields at E = 1.5 V / Å. The variation of the spin gaps just described is due to the behavior of the localized edge states when the electric field is increased. This behavior is given in Fig. 14 , where four different regions are considered in correspondence with the behavior of the gaps in Fig. 12 . In region I, the edge states close to the HOMO and LUMO are spatially localized, as shown in Figs. 8 and 9 . So, as the electric field increases ͑the field is directed along the nanotube from left to right͒ the energies of the states localized on the left-hand side ͑HOMO-␣ and LUMO-␤͒ become more negative ͑the binding energy of those states increases͒ and the binding energy of the states localized on the right side ͑LUMO-␣ and HOMO-␤͒ decreases. This increases the ␣ gap and decreases the ␤ gap. In region II, from the critical field E = 0.2 V / Å until E = 0.9 V / Å, the ␤ states near the Fermi level, both occupied and empty, are much less affected by the electric field due to their spatial localization on both sides of the nanotube, as is clear from the two insets at the left of region II showing the wave functions corresponding to the HOMO-␤ and LUMO-␤ at an intermediate value of the field, E = 0.5 V / Å. For the same field, the other two insets in region II show that the HOMO-␣ and LUMO− ␣ orbitals are still localized on opposite edges but these now have a sizable contribution of the second, more internal, chain of carbon atoms. So, for values of the electric field in region II, an increasing electric field produces this partial delocalization toward the internal part of the nanotube and the corresponding change in energy of the eigenvalues. In region III, beginning around E = 0.9 V / Å, a new reorganization of the frontier orbitals occurs, and the occupied ␣ and ␤ orbitals become localized on the left side of the tube, while empty states near the LUMO are localized on the right side; this is shown in the two insets for the HOMO and LUMO states corresponding to a field E = 0.93 V / Å. For electric fields in region III, the ␣ and ␤ states are degenerate in energy and their wave functions are identical for a common state symmetry. In this region the electric field is strong enough to induce a displacement of the charge located in the orbitals near the HOMO states; this charge is displaced into regions of lower total potential energy. Finally, in region IV, beginning at E = 1.3 V / Å, the LUMO orbitals are localized on the left side of the nanotube due to the strong increase in the electrostatic potential produced by the electric field in that region, and consequently their energies become more negative as the electric field increases. The evolution of the electronic states near the HOMO is given in Fig. 15 , where we show not only the energy eigenvalues of the edge states like in Fig. 14 but also the energy eigenvalues of the delocalized states that are closer in energy. The continuous lines starting at −5.6 and −4.7 eV correspond to occupied orbitals with symmetries E 3 and E 2 , respectively, and the dotted lines starting at −4.0 and −3.24 eV correspond to empty orbitals with E 2 and E 3 symmetries. Fig. 14 , the new continuous lines correspond to occupied E 3 ͑at −5.5 eV͒ and E 2 states, and the dashed lines to empty states of E 3 ͑the less bound states͒ and E 2 symmetry. These states where indicated in Fig. 6͑b͒ for E = 0. The insets correspond, from top to bottom, to two views of the LUMO, two views of the HOMO, and one view of the first state below the HOMO; all views for an electric field E = 1.34 V / Å. for the range of fields corresponding to regions I, II, and III of Fig. 14 . However, starting at E = 1.3 V / Å and due to the level crossing displayed, the actual HOMO state of the system is the E 2 delocalized state; the delocalization of the orbital is clear in the lateral and front views given in the inset. The wave function for the first degenerate state under the HOMO, which is still an edge state, is also shown. At these strong fields the degenerate LUMO orbitals become localized with most of their charge outside the edge carbon atoms ͑see lateral and front views in the upper inset of Fig. 15͒ . Of course, these states are strongly influenced by the electric field, thus producing the rapid linear decrease in the HOMO-LUMO gap shown in Fig. 12 . We remark that these states near the LUMO are empty states, and only at the largest electric field of E = 1.5 V / Å, when the gap is closed again for both spins, the system experiences field ionization when one of those orbitals localized outside the nanotube becomes occupied by one electron. This field can be considered as the threshold for the onset of field emission from the finite hydrogenated nanotube.
IV. CONCLUSIONS
DFT calculations using the LSDA for exchange and correlation predict that finite zigzag ͑14,0͒ SWNTs with hydrogenated edges present half-metallic behavior induced by an external electric field applied parallel to the axis of the nanotube. This result is analogous to the behavior described for edge passivated zigzag carbon nanoribbons 1,2 and also for finite rectangular nanoislands with zigzag edges. 3 Furthermore, the critical electric field required to establish halfmetallicity is around 3.0/ w ͑V / Å͒, where w is the length of the nanotube, in full agreement with the value obtained for ZGNRs of width w.
1 Half-metallicity results from the peculiar electronic structure of the ground state of the finite nanotube in the absence of electric field. The HOMO and LUMO, and those orbitals very close to these, have the character of edge states: these are spatially localized on the carbon atoms at the ends of the tube. Moreover, the ground state is an antiferromagnetic state in which one end of the nanotube is dominated by spin ␣ states and the other side by spin ␤ states, coupled to a total spin S = 0. The electric field has a larger influence on these localized edge states than on the rest of the molecular orbitals, which are delocalized along the nanotube, thus producing the decrease in the electronic gap for one spin flavor and the increase in the gap of the other spin. We have also analyzed the magnetic properties of these finite nanotubes. For all the electric-field intensities considered, the ground state has the AFM structure described above, and there is a large energy difference between this AFM state and the NM state of 577 and 480 meV, respectively, for the long and short finite nanotubes studied. In the NM state, also with S = 0, the edge states are equally populated by ␣-and ␤-spin electrons. However, at least for electric fields E between 0 and 0.51 V / Å there is a second local energy minimum with net spin S different from zero. For field values E Ͻ 0.2 V / Å we obtain S = 3, and for E Ͼ 0.4 V / Å we obtain S =5/ 2 and S = 2 as the field increases. The energy difference between these local minima and the corresponding S = 0 AFM ground state is only 45 meV for C 168 H 28 and 50 meV for the shorter tube C 112 H 28 . These energy differences are in agreement with those recently reported for finite nanoribbons.
3 However, thermal transitions between both states are not expected because the calculated energy barriers are in the range of 100-300 meV. These energy barriers can be considered as upper bounds, as far as noncollinear spin structures can lower their actual values. The large energy differences between the NM and the FM states ͑the FM states are more stable by 3.43 and 4.3 meV per carbon atom for the long and short tubes͒ indicate the possibility of implementing stable nanomagnets using finite pieces of zigzag carbon nanotubes.
We have also calculated the longitudinal dipole polarizabilities, which show finite-size effects and are substantially smaller than the corresponding polarizabilities for infinite SWNTs, but of the same order of magnitude as those corresponding to typical finite carbon nanosystems such as fullerens. Preliminary results for finite zigzag ͑7,0͒ SWNTs indicate the same qualitative behavior as described for the two finite ͑14,0͒ SWNTs, including the same value for the critical electric field required to establish half-metallicity. Finally, we think that our results are of relevance in the implementation of nanodevices because nanotubes of finite length should be used in those devices. Furthermore, the halfmetallic behavior found at easily accessible polarization potentials makes finite nanotubes relevant systems in spintronics.
